In this study, photoluminescence ͑PL͒ under high excitation intensity as a function of crystalline size was systematically investigated through ZnO nanocrystalline films prepared by spin-coating a colloidal solution of ZnO nanoparticles obtained using the microemulsion method. Annealing of the films at 723, 633, and 593 K allowed us to tune the crystalline radius R. PL studies distinguished different regimes of crystalline size according to the ratio of R to the effective Bohr radius a B ͑R / a B ͒. For the sample annealed at 723 K ͑R / a B = 7.2͒, the peak of stimulated emission due to the exciton-exciton collisions appeared on the low-energy side of the exciton emission with an increase in excitation intensity. A further increase in excitation intensity eventually resulted in the occurrence of an electron-hole plasma ͑EHP͒ accompanied by consequent band gap renormalization, which indicates that high excitation intensity provokes the dissociation of excitons. For the sample annealed at 633 K ͑R / a B = 4.7͒, the stimulated emission was observed while the transition to EHP was obscure. For the sample annealed at 593 K ͑R / a B = 2.1͒, only emissions due to the recombination of the electron-hole pair were observed, and stimulated emission did not appear even when the excitation intensity was increased. The transition from free-exciton emission to donor-bound exciton emission was observed in temperature dependence of PL only for the sample with R / a B = 7.2. The origin of annihilation of the stimulated emission with a size reduction is discussed based on nonradiative Auger recombination.
In this study, photoluminescence ͑PL͒ under high excitation intensity as a function of crystalline size was systematically investigated through ZnO nanocrystalline films prepared by spin-coating a colloidal solution of ZnO nanoparticles obtained using the microemulsion method. Annealing of the films at 723, 633, and 593 K allowed us to tune the crystalline radius R. PL studies distinguished different regimes of crystalline size according to the ratio of R to the effective Bohr radius a B ͑R / a B ͒. For the sample annealed at 723 K ͑R / a B = 7.2͒, the peak of stimulated emission due to the exciton-exciton collisions appeared on the low-energy side of the exciton emission with an increase in excitation intensity. A further increase in excitation intensity eventually resulted in the occurrence of an electron-hole plasma ͑EHP͒ accompanied by consequent band gap renormalization, which indicates that high excitation intensity provokes the dissociation of excitons. For the sample annealed at 633 K ͑R / a B = 4.7͒, the stimulated emission was observed while the transition to EHP was obscure. For the sample annealed at 593 K ͑R / a B = 2.1͒, only emissions due to the recombination of the electron-hole pair were observed, and stimulated emission did not appear even when the excitation intensity was increased. The transition from free-exciton emission to donor-bound exciton emission was observed in temperature dependence of PL only for the sample with R / a B = 7.2. The origin of annihilation of the stimulated emission with a size reduction is discussed based on nonradiative Auger recombination. © 2010 American Institute of Physics. ͓doi:10.1063/1.3425783͔
I. INTRODUCTION
Zinc oxide ͑ZnO͒ is a promising photonic material because of its attractive physical properties and chemical stability. Its wide gap of 3.37 eV and large exciton binding energy of 60 meV are advantageous for excitonic-related device applications such as ultraviolet ͑UV͒ emitters and lasers. Nanoparticles of ZnO are expected to bring about superior optical properties owing to their quantum confinement effects, which notably enhance the performance of optical devices. For example, the third-order nonlinear susceptibility of ZnO nanoparticles was found to be approximately 500 times larger than that of bulk ZnO. 1 The photoluminescence ͑PL͒ properties of ZnO nanoparticles is important for the development of light emitting devices. In particular, the PL under high excitation intensity is crucial to elucidate the possibility of the stimulated emission in ZnO nanoparticles. So far, Tang et al.
2 reported stimulated emission due to an exciton-exciton collision process in nanostructured ZnO thin films with an average grain size of approximately 55 nm. To the best of our knowledge, however, the size dependence of PL behavior under high excitation intensity has not been clarified yet for ZnO nanoparticles less than several tens nanometer in diameter.
Thus far, various methods such as gas phase processes [3] [4] [5] [6] [7] and wet chemical reactions [8] [9] [10] [11] have been employed to produce ZnO nanoparticles. Recently, we succeeded in fabricating a transparent colloidal solution of ZnO nanoparticles of approximately 3 nm in diameter using the microemulsion ͑ME͒ method. 12 We also reported that ZnO nanocrystalline films with crystalline sizes ranging from several to several tens of nanometers could be obtained by direct spin-coating of the solution and subsequent appropriate annealing. 13 The nanocrystalline films showed an intense UV emission with a faint green luminescence, which was attributed to their high crystallinity and low density of lattice defects. Thus, the MEderived films are suitable for the investigation of size dependence of PL properties under the high excitation intensity.
In the present study, PL of the ME-derived ZnO nanocrystalline films with various crystalline sizes has been examined under high-density excitation. We have investigated stimulated emissions owing to radiative recombination caused by exciton-exciton collision and electron-hole plasma ͑EHP͒ that are interactions among the excitons characteristic of high excitation intensities. Especially, dependence of the stimulated emission on nanoparticle size is discussed based on nonradiative Auger recombination.
II. EXPERIMENTAL PROCEDURE
ZnO nanocrystalline films were prepared by spin-coating ME-derived ZnO colloidal solution on a quartz glass substrate and subsequent annealing at 723, 633, and 593 K. Details of preparation methods for ME-ZnO solution and nanocrystalline films have been described elsewhere. 12, 13 The a͒ Author to whom correspondence should be addressed. Electronic mail: ksuzuki@murata.co.jp.
morphology, crystal structure, and crystallinity of the obtained films were investigated using a transmission electron microscope ͑TEM͒ ͑Model EM-002B, Topcon, Japan͒. X-ray diffraction ͑XRD͒ analysis with Cu K␣ radiation was also performed to evaluate the crystallite size and internal strain ͑inhomogeneous and homogeneous lattice strain͒. The XRD line profiles were fitted by the Pawley method 14 using a pseudo-Voigt function, which is expressed by a weighted sum of Gaussian and Lorentzian functions. The full width at half maximum ͑FWHM͒ of the Lorentzian and Gaussian components in the pseudo-Voigt function was estimated for each diffraction peak. The crystalline size and inhomogeneous lattice strain were calculated from the diffraction angle ͑2͒ dependence of the FWHM of the Lorentzian and Gaussian components, respectively. In this calculation, we assumed that the FWHM of the Lorentzian and Gaussian components is proportional to sec 2 and tan 2, respectively. Here, it should be emphasized that the present analysis allows us to estimate the crystalline sizes and inhomogeneous strain independently. Details of the calculation procedure were described elsewhere. 15 In order to evaluate the homogeneous lattice strain originating from stress in the sample, we also carried out XRD analysis using a side inclination method. 16 The tilted angle ͑͒ was varied from Ϫ60°to +60°at the 2 of wurtzite ͑110͒. The homogeneous lattice strain was obtained from the slope of 2 -sin 2 plotting. The dependence of PL on the excitation intensity was investigated at room temperature using the fourth harmonic of a mode-locked Nd:yttrium aluminum garnet laser ͑wave-length: 266 nm= 4.66 eV, repetition frequency: 10 Hz, and pulse width: 25 ps͒ as an excitation source. The excitation light was focused on the sample surface using a planoconvex lens to yield a spot area of approximately 5 mm. The luminescence from the sample was guided into a spectrophotometer through an optical fiber and detected by liquidnitrogen-cooled charge-coupled devices. In this experiment, the excitation intensity was varied from 6 to 1018 MW/ cm 2 . A continuous-wave helium cadmium ͑He-Cd͒ laser ͑wave-length: 325 nm= 3.82 eV and power: 10 mW͒ was used as an excitation source for measurements of the temperature dependence of PL. The excitation light modulated by a mechanical chopper was incident on the sample surface. The PL emission from the sample was introduced into a spectrophotometer and amplified by a photomultiplier. The signals were effectively detected by synchronizing them with the trigger signals from the mechanical chopper using a two-phase lock-in amplifier. The PL spectra were measured at 12 to 300 K.
III. RESULTS AND DISCUSSION
A. Structural analysis Figure 1 shows TEM bright-field images, high-resolution images, and selected area diffraction ͑SAD͒ patterns of the cross sections of ZnO nanocrystalline films. The bright-field images ͓Figs. 1͑a͒, 1͑c͒, and 1͑e͔͒ indicate that the films are densely packed by nanoparticles. The grains are spherical shaped, although the ZnO crystals possess a general tendency to grow unidirectionally along the c-axis. The SAD patterns display clear Debye rings assigned to a single phase of the wurtzite structure. Clear lattice fringes observed in the high-resolution images ͓Figs. 1͑b͒, 1͑d͒, and 1͑f͔͒ reveal high crystallinity of the present films. As observed from the TEM bright-field and high-resolution images, the crystalline size depends on the annealing temperature. The average particle sizes estimated from TEM images by counting 100 particles are 34.3 ͑7.1͒ nm, 20.5 ͑3.1͒ nm, and 13.3 ͑1.8͒ nm for the samples annealed at 723 K, 633 K, and 593 K, respectively, where the values in parentheses are the standard deviations of size distributions. 13 The 2 dependence of the FWHM in the XRD analysis indicates that the crystalline sizes for the samples annealed at 723 K, 633 K, and 593 K are 26.0 nm, 16.9 nm, and 7.4 nm, respectively. These crystalline sizes are almost the same as or slightly smaller than the average particle sizes estimated from TEM images. This suggests that the ZnO nanoparticles are single-crystalline in nature or consist of several crystallites. Under the assumption that the effective Bohr radius a B = 1.8 nm, as reported for bulk ZnO, 17 and taking half of the crystalline size estimated from the XRD analysis as R, we evaluated R / a B of the samples annealed at 723 K, 633 K, and 593 K to be 7.2, 4.7, and 2.1, respectively.
The 2 dependence of the FWHM in the XRD peaks also showed that the inhomogeneous lattice strain was approximately zero in all samples. Further, the side inclination method in XRD analysis revealed that slight homogeneous lattice strains originating in the compressive and tensile stresses were detected in the samples annealed at 633 K and 723 K, respectively, whereas no lattice strain was found in the sample annealed at 593 K. This suggests that the influence of the strain caused by annealing is faint in the present samples. Figure 2 shows the excitation intensity dependence of PL for the ZnO nanocrystalline films. Intense UV emission with a faint green luminescence was observed at room temperature, as reported in a previous paper. 13 For the sample annealed at 723 K ͓Fig. 2͑a͔͒, a UV emission peak is observed at an energy of 3.33 eV ͑referred to as "S1"͒, and is assigned to an exciton emission, when the excitation intensity is low. As the excitation intensity increases above a threshold of 51 MW/ cm 2 , a much narrower peak ͑referred to as "S2"͒ appears at the lower-energy side of the S1 peak. The intensity of the S2 peak increases drastically with an increase in excitation intensity. The stimulated radiation due to the exciton molecular emission that occurs at temperatures below 50 K ͑Ref. 18͒ is not responsible for the S2 peak. The S2 peak seems to be a stimulated emission owing to the exciton-exciton collision process ͑P 2 , P emission͒ and EHP radiative recombination ͑N emission͒ caused by high excitation intensities.
B. PL properties
2 The PL spectra of the sample annealed at 633 K ͓Fig. 2͑b͔͒ also manifest the S1 and S2 peaks, whereas the S2 peak is not observed in the spectra of the sample annealed at 593 K ͓Fig. 2͑c͔͒. These results will be discussed in detail below.
It may be feasible that the internal strain and defects generate nonradiative recombination pathways in the samples and hamper the observation of the stimulated emission ͑S2 peak͒. As mentioned above, no lattice strains ͑inho-mogeneous or homogeneous strains͒ were detected in the sample annealed at 593 K. This indicates that annihilation of the stimulated emission in the sample annealed at 593 K is not attributable to the formation of nonradiative recombination pathways induced by internal strain. Further, the defect levels appear to be scarcely generated in the energy band gaps, since the green luminescence, which originates from impurity levels such as oxygen vacancies and interstitial zinc, is found to be faint in the present samples. 13 Hence, the effect of nonradiative recombination pathways induced by the internal strain and defects is negligible under the present annealing condition. Annealing predominantly causes the shifts in crystalline sizes, which allows us to discuss the intrinsic size effect related to changing annealing temperature. Figure 3͑a͒ shows the excitation intensity dependence of PL emission intensities of the S1 and S2 peaks for the sample annealed at 723 K. The intensity of the S1 peak is nearly proportional to the excitation intensity when the excitation intensity exceeds 10 MW/ cm 2 ͑see the solid line showing a linear dependence͒, indicating that the PL stems from one photon process. In contrast, the intensity of the S2 peak is proportional to the sixth power of the excitation intensity and is saturated at approximately 100 MW/ cm 2 . Assuming that the relation between peak intensity L and excitation intensity I is L ϰ I m , the m values for the exciton, P 2 , P, and N emissions in ZnO films were reported to be 1, 2, 8, and 5, respectively.
2 The large m values for the P and N emissions indicate the occurrence of the stimulated emission. The excitation intensity dependence of the S1 peak agrees well with the behavior of the exciton emission. The S2 peak can be ascribed to the stimulated emission due to the excitonexciton collisions and/or EHP. The intensity of S2 peak saturates at approximately 100 MW/ cm 2 and then increases depending on the relation L ϰ I 0.42 . This saturation implies the onset of nonradiative Auger recombination, which is a recombination process characteristic to nanocrystals and quantum wells. [19] [20] [21] [22] The threshold intensity of the stimulated emission ͑S2͒ for the sample annealed at 723 K was estimated to be 51 MW/ cm 2 . This value is three orders of magnitude greater than that for nanostructured ZnO thin films prepared by molecular beam epitaxy ͑=24 kW/ cm 2 ͒.
2 For the present ME-derived films, no laser cavity was naturally formed by the facets of hexagonal ZnO nanocrystallites arrayed in a parallel fashion.
2, 23 Moreover, the crystalline sizes in the present films are much smaller than 55 nm, which was reported as an appropriate size for the occurrence of stimulated emission in ZnO.
2 These factors seem to raise the threshold intensity of the present sample. Zhang and Tang 24 reported that the threshold intensity for the stimulated emission in a ZnO film with a crystallite size of 11.2 nm was approximately 4.6 MW/ cm 2 . This value is one order of magnitude smaller than the threshold for the ME-derived Fig. 2͑a͒ is set to1.   FIG. 3 . ͑Color online͒ Excitation intensity dependence of ͑a͒ PL peak intensity ͑I peak ͒ and ͑b͒ peak energy ͑E peak ͒ for ZnO nanocrystalline film annealed at 723 K. Excitation intensity dependence of ͑c͒ I peak and ͑d͒ E peak for film annealed at 633 K. Excitation intensity dependence of ͑e͒ I peak and ͑f͒ E peak for film annealed at 593 K. The solid ͑open͒ triangles and circles denote I peak and E peak for the S1 ͑S2͒ peak, respectively. The solid lines show the linear dependence of I peak ͑S1͒ on excitation intensity, while the dotted and dashed lines guide the relation at lower and higher excitation intensity regimes, respectively. films, although the crystalline size reported in Ref. 24 is almost comparable to those obtained in the present study. The relation between the crystalline size and the threshold value for the stimulated emission of ZnO nanoparticles still seems to be controversial, therefore, further investigations are necessary for understanding the phenomenon thoroughly. Figure 3͑b͒ shows the excitation intensity dependence of PL emission energy for the S1 and S2 peaks observed in the spectra of the sample annealed at 723 K ͑R / a B = 7.2͒. The peak energy of S2 shifts from 3.11 to 3.06 eV with increasing the excitation intensity from 51 to 153 MW/ cm 2 . This redshift of 50 meV in the S2 peak implies that S2 in this excitation intensity region corresponds to N emission, since the peak energy of N emission is known to decrease with an increase in excitation intensity while that of P emission is independent of the excitation intensity.
2 For nanocrystals with R / a B = 7.2, it appears that the excitons can be easily ionized to form EHP ͑Mott transition͒ at high excitation intensities, leading to N emission. The strong Coulomb interaction among electrons and holes in the EHP induces band gap renormalization ͑BGR͒, which can result in the present redshift of the S2 peak. This behavior is similar to that reported in Ref. 2, indicating that the stimulated emission due to EHP is observed in ZnO nanoparticles with R / a B = 7.2. The difference between the energies of the S1 and S2 peaks ͓Fig. 3͑b͔͒ is estimated to be approximately 180 meV. During the exciton-exciton collision process, one of the two excitons in the n = 1 state takes energy from the other and is converted into a higher exciton state with n Ͼ 1, while the other decays are accompanied by a radiative photon emission. In this case, the emitted photon energy P n is described as follows:
kT, ͑n = 2,3,4, . . . ,ϱ͒, ͑1͒
where E ex , E b ͑=60 meV͒, and kT represent the exciton emission energy, binding energy of exciton, and thermal energy, respectively. From this equation, the energy difference between E ex and P that corresponds to the case n = ϱ, is calculated to be 98.7 meV at room temperature. This value is smaller by approximately 80 meV than the energy difference between the S1 and S2 peaks observed experimentally. The redshift of the S2 peak from the P emission peak implies that the direct transition from exciton emission to N emission occurs under high excitation intensities at room temperature. At high excitation intensities, the excitons in the ZnO nanoparticles with R / a B = 7.2 are dissociated to form the EHP, leading to the appearance of the N emission. For the sample annealed at 633 K ͑R / a B = 4.7͒, S2 with a peak energy of 3.13 eV emerges at the excitation intensity of 153 MW/ cm 2 in addition to S1 with a peak energy of 3.27 eV ͓Fig. 2͑b͔͒. The threshold excitation intensity for the appearance of S2 peak is found to be larger by approximately 100 MW/ cm 2 than that for the sample annealed at 723 K. Figure 3͑c͒ demonstrates that the intensity of the S1 peak is proportional to the excitation intensity in the excitation energy range of 30-100 MW/ cm 2 ͑see the solid line͒, while further increment in excitation intensity results in the saturation of peak intensity ͑dashed line͒. The intensity of the S2 peak increases with the 3.4th power of the excitation intensity and eventually saturates at 424 MW/ cm 2 . This m value ͑3.4͒ indicates the occurrence of a stimulated emission. The saturation of S2 peak intensity above 424 MW/ cm 2 is again attributable to the nonradiative Auger recombination. The intensity of S2 peak above 424 MW/ cm 2 depends only weakly on the excitation intensity ͑L ϰ I 0.07 ͒. This small m value implies that a carrier reduction process, e.g., freecarrier absorption, occurs under the extremely high-density excitation in addition to the nonradiative Auger recombination. 20 Figure 3͑d͒ reveals that the peak energy remains almost constant at 3.12 eV, i.e., BGR is not observed clearly. This implies that the EHP is not formed in the sample annealed at 633 K ͑R / a B = 4.7͒, in spite of the high excitation intensity.
For the sample annealed at 593 K ͑R / a B = 2.1͒, the intensity of S1 peak is nearly proportional to the excitation intensity at low excitation intensities, eventually deviating from the linear relation when the excitation intensity reaches ϳ60 MW/ cm 2 ͓Fig. 3͑e͔͒. This indicates that the nonradiative Auger recombination process appears at a lower excitation intensity compared to the samples annealed at 723 and 633 K. The FWHM of S1 emission peak increases from 0.14 to 0.20 eV ͓Fig. 2͑c͔͒, accompanied by a shift of the peak from 3.30 to 3.24 eV ͓Fig. 3͑f͔͒ when the excitation intensity is increased from 11 to 1018 MW/ cm 2 . Line broadening of the exciton emission has been reported for CdS nanoparticles with a size of 17 nm ͑R / a B = 3.7͒. 25 Although the stimulated emission by exciton-exciton collision was not observed in the CdS nanoparticles, this line broadening was attributable to the Mott transition and BGR. The similar broadening observed here implies that the Mott transition to the EHP occurs to some extent in the sample annealed at 593 K when the excitation intensity is high. However, stimulated emission is not clearly observed in this sample even though the excitation intensity is increased to 1018 MW/ cm 2 , probably due to the nonradiative Auger recombination. The probability of Auger recombination can increase with a decrease in crystalline size because in a nanosized particle, the momentum conservation law vanishes and only the energy conservation is required for the occurrence of Auger recombination. 19 Also, it has been reported that the Auger decay time approximately shows a cubic dependence on R, that is, ϰ R 3 , 21 which indicates that the Auger recombination rate is rapidly enhanced by a size reduction. In order to check the size effect on stimulated emission, we also carried out PL measurements for ZnO nanocrystalline films in the range of 1.4 Ͻ R / a B Ͻ 2.1; however, no stimulated emission was observed even at high-excitation intensity ͑data not shown͒. Consequently, it is highly probable that the enhancement of the nonradiative Auger recombination rate by the size reduction is responsible for the absence of stimulated emission. Figure 4 shows the temperature dependence of PL for the ZnO nanocrystalline films. It is found that the signal-tonoise ratio of the PL emission is lower for the sample annealed at 723 K ͓Fig. 4͑a͔͒ than for those annealed at 633 and 593 K. This behavior stems from a decrease in UV emission intensity with increasing annealing temperature. For the sample annealed at 723 K, the free-exciton emission ͑repre-sented by open circles͒ is found to be dominant at tempera-tures higher than 75 K. Below 50 K, however, a new peak appears at several tens of millielectron volts lower than the free-exciton peak ͑represented by solid circles͒, which eventually becomes dominant at temperatures lower than 25 K. This peak can be assigned to the bound-exciton emission in ZnO, which is a state of free excitons bound to donor centers, and appears at lower temperatures.
2 This result indicates that free excitons exist at room temperature in this sample. The peaks of UV emission for the samples annealed at 633 K ͓Fig. 4͑b͔͒ and 593 K ͓Fig. 4͑c͔͒ are broader than those of the sample annealed at 723 K. These peaks are also found to shift to the higher-energy side when the temperature is lowered. However, the peak resulting from bound-exciton emission is not obvious at low temperatures below 50 K. The disappearance of the free-exciton emission for the samples of R / a B = 4.7, and 2.1 implies the occurrence of exciton confinement by a size reduction. It is known that the localization of carrier wave function in the quantum well enhances the Auger recombination rate. 20 In a similar manner, the size reduction in nanoparticles may cause three-dimensional localization of carrier wave function. For the sample of R / a B = 2.1, it appears that the carrier localization enhances the Auger recombination rate and results in annihilation of the stimulated emission even at high excitation intensity.
IV. CONCLUSION
In this study, PL under high excitation intensity as a function of crystalline size around R / a B = 4 was systematically investigated through ME-derived ZnO nanocrystalline films. For the sample with R / a B = 7.2, the peak of the stimulated emission emerges at the low-energy side of exciton emission when the excitation intensity is above 51 MW/ cm 2 . For the sample with R / a B = 4.7, the transition to the EHP is not obvious, while the stimulated emission is observed at an excitation intensity above 153 MW/ cm 2 . For the sample with R / a B = 2.1, the stimulated emission does not appear, even though the excitation intensity is set to 1018 MW/ cm 2 . This could originate from the nonradiative Auger recombination process that is accelerated by a reduction in particle size. In the temperature dependence of PL, the transition from the free-exciton emission to the donorbound exciton emission is found at 50 K in the sample with R / a B = 7.2, while such transition is not clearly found in the samples with R / a B = 4.7 and 2.1. This annihilation of freeexciton emission suggests the localization of carrier wave function, which can be one of the origins for the enhancement of nonradiative Auger recombination with the size reduction. We expect that our results provide fruitful information about the production of nanocrystalline-ZnO-based optical devices using the quantum confinement effect, such as light-emitting devices, quantum dot lasers, and nonlinear optical devices.
Note added in proof. After this paper was submitted, PL of sol-gel derived ZnO powder under high excitation intensity at low temperatures was reported by Chia et al.. 26 In their study, the particle size is around 30 nm ͑R / a B = 8.3͒, which is larger than that used in our study.
